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Abstract: This paper investigates the signal to interference plus noise ratio (SINR) 
performance of the imaging laser radar (ILR) system operating at a wavelength of 905 nm using 
an avalanche photodiode array under the fog condition. We analysis the glow image of the light 
source, which is formed by the laser spot irradiated on a standard Lambertian target. Based on 
the proposed theoretical model, we determine the interference due to the glow inter-channel 
crosstalk under different fog conditions for a targeted channel. We show that, for transmission 
spans less than several tens of meters the interference due to glow crosstalk is higher than the 
fog (light to medium) induced losses. However, for a link range longer than 21 m the glow 
crosstalk induced interference is lower than the heavy fog induced attenuation. The proposed 
system performance is evaluated by developing an experimental test bed and using a dedicated 
indoor atmospheric chamber under homogeneously controlled fog conditions. We show that, 
under different fog conditions experimental results for changing SINR levels match well with 
the predicted data. The results shown can be used for design optimization of the ILR system 
when operated under fog conditions.  
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
OCIS codes: (080.0080) Geometric optics; (140.0140) Lasers and laser optics; (010.3640) Lidar; (010.1300) 
Atmospheric propagation; (010.5620) Radiative transfer. 
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1. Introduction 
Over the past few decades, imaging laser radar (ILR) systems with high-resolution three-
dimensional (3-D) images [1] have become an attractive option for range finding in a number 
of applications including target recognition, object imaging, obstacle avoidance to name a few 
[2–5]. However, in line with any free space optical (FSO) transmission in outdoor environments 
the performances of ILR system is highly dependent on the weather conditions (i.e., fog, rain, 
snow, pollution, sand storms, and turbulence), which has been investigated widely [8, 14]. 
Among these, fog is the most troublesome in terms of optical attenuation where losses as high 
as 480 dB/km and 120 dB/km for dense maritime and moderate continental fog conditions, 
respectively have been reported with the consequences of drastically reduced link visibility to 
less than 100 meters [6, 7]. For more on fog and the models developed for FSO system the 
readers are referred to [8-14]. Most studies reported on the FSO links have focused on the 
atmospheric environment induced attenuation. However, in ILR system there is an additional 
interference due to the glow crosstalk, which can be higher than the fog induced loss over longer 
transmission spans. 
In ILR systems two design schemes have been widely adopted. (i) A laser radar with a 
single element based transmitter (Tx) and receiver (Rx) as well as a dual galvanometer scanning 
system or Micro-electromechanical Systems (MEMS), which was adopted to obtain an imaging 
of the scanned objects [15-18]. However, in this scheme the imaging rate is usually less than 
10 Hz for a high pixel resolution. (ii) Multiple Txs and Rxs [17, 18], where each Tx and Rx 
contains of a number of semiconductor laser diode (LD) array and an avalanche photodiode 
(APD) array, respectively. This option offers higher imaging rate and has been widely used and 
therefore is adopted in this work.  
The performance of the ILR system is effected under the fog condition in the form of signal 
attenuation due to the absorption and scattering of photons by fog droplets, the glow inter-
channel crosstalk and the ambient noise. In [18] a new formulation to solve the single-scattering 
lidar equation was proposed by assuming that the power law relation between the backscatter 
and the extinction with a variable exponent as well as the proportionality factor being a function 
of the range or the extinction. The resulting lidar equation provided an improved inversion 
solution for the extinction. In [19] an analytical model for multiple scattering of light traversing 
through the atmosphere was presented showing how the shape of the glow was related to the 
visibility and conditions of the atmospheric channel as well as the depth and shape of the light 
source. The model could be used for real-time rendering of sources under different atmospheric 
conditions. In [20] improvements obtained in wireless infrared (IR) communication links were 
analyzed by replacing the traditional single-element Rxs with the imaging Rxs and the diffuse 
Txs with the multi-beam (quasi-diffuse) Txs for both line-of-sight (LOS) and non-line-of-sight 
(non-LOS) IR links. The results showed that in LOS links the imaging Rxs can reduce the 
required transmit power by up to 13 dB compared to single-element Rxs, whereas in non-LOS 
links with the imaging Rxs and multi-beam Txs the required transmit power was reduced by 
more than 20 dB. However, to the best of our knowledge no works on the influence of the glow 
crosstalk experienced in ILR system under different fog conditions have been reported yet. 
In this paper, we presented a theoretical model to calculate the glow image of the light 
source, which is formed by the laser spot irradiated on a standard Lambertian target. Based on 
the proposed theoretical model, we determine the level of interference due to the glow crosstalk 
and assess the link performance accordingly. In addition, we investigate the channel loss and 
glow crosstalk for different fog densities and show that for a link span less than several tens of 
meters the glow crosstalk induced interference is always large than the fog (light to medium) 
imposed attenuation. Only under the heavy fog condition does the attenuation exceed the glow 
crosstalk loss when the ranging distance longer than ~21 m. In order to verify the accuracy of 
the theoretical model, we developed an experimental setup for evaluating the effect of fog on 
the 12 channels of the proposed ILR system. We show that the experimental results for SINR 
of all channels under different fog conditions matched well with the predicted data. The results 
reported can be used to optimize the design of the ILR system and analyzing its performance 
in the presence of fog influences.  
The rest of this paper is organized as follows: section 2 describes details of the light 
propagation through fog while section 3 focuses on the influence of fog on the 12 channels of 
the ILR system theoretically and experimentally. Section 4 is the discussion of the limitations 
of our model. Finally, the concluding remarks are presented in Section 5. 
2. Light propagation through fog 
In an outdoor environment the distribution of fog droplets, which can change very rapidly in 
both space and time, is the most crucial in determining the channel loss in optical wireless-
based systems including ILR. However, it is not straight forward to quantify the distribution of 
fog droplet sizes due to the influence of different physical processes, thus the introduction of a 
number of drop size distribution (DSD) based models. One of the classical and widely used 
model is the lognormal distribution, which is given by [12, 19, 21-24]: 
2
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where 0N  is the particle number density, r is the particle size radius, and rµ  and rσ  are 
logarithmic mean value and standard deviation of particle radius, respectively. 
The exact DSD model of fog can be determined by knowing the values of rµ  and rσ , 
however, due to the complex physical properties of fog its distribution is not readily available.  
Thus the effective radius of distribution er  and the liquid water content (LWC) are used for 
characterization of fog, which are proportional to the total volume of particles, see [23, 25] for 
more details. 
For the fog particle sizes being in the order of the propagating light (in this case laser) 
wavelength λ, Mie theory has been used as in [23, 24] with the extinction coefficient being 
defined by [26, 27]: 
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where n’ is the real part of the refractive index of water, and Cext is the droplet extinction 
cross section. However, Cext weighted by DSD is not easy to be estimated. Note that, the total 
extinction due to fog particles in the atmosphere is the sum of absorption and scattering of light. 
For λ of 905 nm, which is adopted in the proposed ILR system, the molecular absorption is 
considered to be negligible. Therefore, for the laser pulse the extinction coefficient can be fully 
estimated by the scattering cross section Csca of fog as given by: 
'
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= = ∫ ,                                       (3) 
Generally, due to the complex physical properties of fog its real time distribution and 
scattering cross section are not readily available. Therefore, in order to predict the fog induced 
attenuation, a simple empirical model has been adopted, which is given by [28, 29]: 
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where V is the link visibility, which is evaluated at 550 nm, and p is the exponent, which 
determined theoretically and experimentally research as in [30-33]. 
 
 
Fig. 1 The schematic diagram of the incident light scattered by a fog droplet at an angle α. 
 
A laser beam propagating through a channel with fog (i.e., water droplets) will undergo 
scattering in multiple directions as shown in Fig. 1. The angular distribution of the intensity of 
scattered light by article suspended in the channel is best characterized by the phase function, 
which is given by [22]: 
( ) ( ) ( )( )
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where  ' '( , )I θ φ  and ( , )I θ φ  are the intensities of the incident and scattered light beams 
along the observed direction in the spherical coordinate, respectively. For most atmospheric 
conditions, the phase function is usually symmetric about the incident light direction and is 
only a function of the scattered angle α. Using the spherical geometry the cosine of α can be 
expressed as: 
( )' ' 'cos cos cos sin sin cosα θ θ θ θ φ φ= + − ,                                    (6) 
For a given size of fog droplet, the exact shape of the phase function can be determined 
accurately by Mie theory. However, the scattering phase function of a group of particles (i.e., 
fog or cloud) should be characterized by the DSD, which can be expressed as: 
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It has been shown that Henyey-Greenstein phase function is valid for a range of particles 
sizes and for different media, as given by [31, 32]: 
( )
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where q, the forward scattering parameter, which is inversely proportional to the density of 
the medium and is within the range of [0,1] generating phase functions for different types of 
weather conditions. For Isotropic or Rayleigh scattering of small size particle (e.g., air 
molecules) q = 0, which represents light being scattered almost equally in all directions. 
However, for q = 1, the light is considered to be scattered in the forward direction as is the case 
for large size particles (e.g., light to heavy fog). Note that, eq. (8) is not normalized and 
therefore can integral over the 4π steradian to make it unity. 
The changes in light radiance propagating through a dispersion medium at each direction 
for every points in space can be governed by the radiative transfer equation (RTE), where its 
differential form is defined as [33, 34]: 
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where cosµ θ= , ' 'cosµ θ= , I is the radiance of light, and extT lσ=  is the optical 
thickness a dimensionless quantity, which determines the amount attenuation experienced by 
the light propagating through the channel of range l from the viewer due to the scattering 
particles. Therefore, multiple scattering of light when propagation through a medium with 
scattering particles can be described by three parameters of T, the phase function of the particles 
and q. However, for a general phase function, there is no analytical solution for RTE and can 
be conjectured to be non-existent to some extent. Narasimhan and Nayar [19] showed that, a 
series solution to the RTE for an isotropic point source can be obtained by expanding Henyey-
Greenstein phase function in terms of Legendre polynomials, which is given as: 
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where ( , )I T µ  is the intensity of the light at the observation point, 0I  is the radiance of the 
isotropic point source, ( )nL µ  is the Legendre polynomial of order n, and the series ( )ng T  is 
defined as: 
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By combining eq. (10) and eq. (11), ( )ng T   represents the attenuation of light under the 
weather condition and nL  is expressed as the angular spread of the light in the received plane 
duo to multiple scattering. 
 
 
Fig. 2 Schematic diagram of 12 channels-based laser radar showing multiple scattering of the propagating beam for 
large remission distances and small fields of view.  
 
Fig. 2 depicts the schematic diagram of 12 channels-based laser radar showing multiple 
scattering of the propagating beam for large remission distances and small fields of view. Each 
Tx consists of a 6×1 semiconductor laser diode (LD) array and a lens for compressing the output 
divergence angle, whereas the Rx is composed of a lens and a 16×1 APD array. Note, the special 
lenses are used to ensure that the 12 laser spots are projected on the center of 12 optical Rxs. 
Multiple scattering of light while propagating through the atmosphere results in the image of a 
point source spreading out into a spot known as the atmospheric point spread function. Note 
that, in an outdoor environment and using a single point light source (i.e., isotropic) the 
propagating beam experience random multiple scattering that results in a glow around the light 
source in the image plane. For a vehicle-mounted ILR system, the range distance is usually 
several meters to hundreds of meters and the field of view of the Rx is tens of milliradian. In 
this case, one can assume that the multiple scattering of light takes place only inside a sphere 
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surrounding the source and is within the FOV of the Rx [35]. As show in Fig. 2, the sphere 
represents a region of significant multiple scattering of luminous rays, whereas the area 
surrounding the sphere is simply modeled as the path loss. Note that, the atmospheric point 
spread function (APSF) is defined as an image of a point source with a unit radiant intensity 
obtained in an imaging system under a given atmospheric condition. The key point is to find a 
map between the image plane  ( , )x y   and the variable ( , )T µ , and working out the relationship 
between the variable 2 2x yρ = +  and the azimuthal angle θ. The derivation based on the 
geometry is given as follows: 
( )
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where R is the radius of the significant multiple scattering region, l is the distance between 
the isotropic point source and the Rx, f is the focal length of the lens at the Rx and κ  is the 
proportional constant, which is related to the geometry of the ILR system. 
 
Fig. 3 The normalized APSF on the image plane for a low dense weather condition with T = 1.2 and a high dense 
weather condition with T = 4.0. Note, (d) and (h) are the cross section profiles of the corresponding APSF, respectively. 
 
Fig. 3 shows the normalized three dimensional APSF on image plane for the ILR system 
for different weather conditions. The focal length and the FOV of the Rx are 50 mm and 100 
mrad, respectively. The full width at half maximum (FWHM) of the APSF represents the 
scattering of light due to the various weather conditions. As can be seen in Fig. 3(d), for a low 
dense weather condition with T = 1.2 the FWHM of the APSF strongly depends on the forward 
scattering parameter q. The narrower FWHM due to larger q represents the light being focused 
more on the image plane, which indicates that fog will produce narrower glows when compared 
to small size aerosol particles. However, for higher dense weather conditions with T = 4.0 as 
shown in Fig. 3(h), FWHM is almost the same for all three values of q and is independent of 
(a) T=1.2, q=0.2 (b) T=1.2, q=0.7 (c) T=1.2, q=0.95 (d) T=1.2, profile
(e) T=4.0, q=0.2 (f) T=4.0, q=0.7 (g) T=4.0, q=0.95 (h) T=4.0, profile
the forward scattering parameter, thus demonstrating that the glows are similar for different 
atmosphere conditions due to different types of scattering aerosols. 
Note that, for a given atmospheric condition and assuming an isotropic light source the 
obtained APSF for an imaging system can be used to determine the glows of an image of any 
light source 0 ( , )I x y  with arbitrary shapes and sizes using a two dimensional convolution, 
which is given by: 
0
0
( , ) ( , ) ( , )
( , ) ( , )
I x y I x y APSF x y
I x y APSF x x y y dx dyτ τ τ τ τ τ
+∞ +∞
−∞ −∞
= ∗
= − −∫ ∫
,                            (13) 
Note that, we assume that the derivation outlined here is also valid for the proposed ILR 
system, given as that the target used is a standard Lambertian reflector and therefore the laser 
spot on the target can be considered as a first order Lambertian source where any points of the 
laser spot behave almost like an isotropic source. 
 
Fig. 4 The simulated result of the 12 channels glows images of the light source with a rectangular shape. The forward 
scattering parameter q and the optical thickness T are 0.9 and 1.2, which can be represented as the light fog conditions, 
respectively. 
 
Fig. 4 shows the simulated result of the 12 channels glows images of the light source with 
a rectangular shape. The size of the glow of the light source 0 ( , )I x y  with a unit power is 
20.4 1.0 mm×  which is corresponds to the photo-sensitive area of the APD. The light scattered 
by Lambertain target and then received by the Rx can be considered as incoherent superposition 
as displayed in Fig. 4, where under a light fog condition 0 ( , )I x y  is larger than the photo-
sensitive area of the APD and therefore illuminating the next channel (i.e., crosstalk). In the 
next section, we will discuss the effect of fog on all 12 channels of the proposed ILR system. 
3. ILR system performance under the fog condition 
3.1 The experimental setup 
Operating the ILR system under a normal environment condition, the SNR is an important 
parameter to evaluate the performance of the ILR system. For the proposed ILR system that 
employ an APD array, the dominant sources of noise are shot noise, thermal noise and the 
ambient light noise [37-39]. The shot noise is due to the signal current and the photodiode dark 
current, and its mean-square value is given as:  
2 2 ( )SN f f r D PWe M R P l i Bσ  = +  ,                                          (14) 
where e is the electron charge, fM  and fR  are the multiplication factor and the 
responsivity of the photodiode, respectively. ( )rP l  is the received signal power, Di  is the dark 
current, and PWB  is the electrical bandwidth of the APD. The mean-square value of the thermal 
noise is given by: 
2 4TN B K SW N Yk T B F Rσ = ,                                                 (15) 
where, Bk  is the Boltzmann’s constant, KT  is the temperature in Kelvin degrees, SWB  is 
the optimal signal bandwidth of the receiver which is related to the width of the laser pulse, NF  
is the noise factor, and YR  is the load resistor. The ambient light noise mainly due to the Sun 
and is defined as: 
2 4BN B PWei Bσ = ,                                                   (16) 
where Bi  is the whole ambient light induced current. 
Therefore, the link SNR is defined by: 
2 2 2
10
( )
10log
2 ( ) 4 4
f f r
f f r D PW B K SW N Y B PW
M R P l
SNR
e M R P l i B k T B F R ei B
 
 =
  + + +  
,              (17) 
 
Fig. 5 The experimental setup of the proposed ILR system for testing the effect of fog on the 12 channels. In ILR 
system the Rx is between two Txs. 
 
Fig. 5 shows the experimental setup for testing and evaluating the proposed system under 
the fog condition. The ILR system is composed of 2 optical Txs each with a 6×1 semiconductor 
LD array, an optical Rx with a 16×1 APD array and a free space channel. The angles of 
horizontal and vertical divergences of each laser spot are 5 mrad and 2 mrad, respectively. We 
have used a 42 long corridor as the free space channel. Fog was generated using 2 commercial 
water vaporizing machines and its density and movement were controlled using two large fans 
positioned along the channel. The output of the Rx, composed of 12 trans-conductance 
amplifiers, was captured using a digital oscilloscope (Tektronix TDS5054B) for offline 
processing using the LABVIEW. A green laser at a wavelength λ of 532 nm and an optical 
power meter were used to measure the link visibility V in order to determine the fog density 
and the link measured fog induced attenuation. We also used a CCD camera to capture and 
display the laser beam array on the target. Note that, to ensure the homogeneity of fog during 
the entire experimental investigation a dense fog was injected into the chamber which resulted 
in zero visibility and then waited for the fog to become less dense. The controlled indoor 
medium allows us to simultaneously carry out measurements on a number transmission 
channels under the same fog conditions. In order to ensure reliability, repeatability and 
consistency of the results, each experiment was conducted five times. The key system 
parameters adopted in this work are given in Table. 1. 
 
Table 1. The system structural parameters of the experiment laser radar 
System Parameter Value 
 
 
 
Tx 
Wavelength λ 905 nm 
Pulse peak power 70 W 
Transmitting efficiency 85 % 
Pulse width (FWHM) 20 ns 
Repetition frequency 10 KHz 
Horizontal irradiating FOV 5 mrad 
Vertical irradiating FOV 2 mrad 
target Hemispherical reflectivity 75.75 % 
 
channel 
length 42 m 
width 3.5 m 
height 2.4 m 
 
 
 
 
Rx 
Receiver aperture diameter 0.02 m 
Receiving efficiency 90 % 
Trans-conductance 10 kΩ 
Amplifier bandwidth 50 MHz 
Receiver FOV 100 mrad 
Filter bandwidth 20 nm 
Photodetector responsivity 0.6 A/W 
Size of the photosensitive unit 0.4×1.0 mm2 
APD reversed biased voltage 250.2 V 
 
We measured the SNR of all 12 channels with all the lights along the corridor turned off as 
shown in Fig. 6. Note, in the experimental setup, we used the same voltage level of 90 V for 
the semiconductor laser diode (LD) array. However, the lasers have different output power 
levels due to their different electro-optical efficiencies. For the APD array the drive voltage 
level used was 152 V. Using the same LD we measure the photocurrent for each APD, which 
were almost the same values.  Therefore, for the ILR system the observed variation in the SNR 
within the range of 26 - 31 dB with no fog is mainly due to LDs having different characteristic 
(i.e., different electro-optical efficiency).  
 
Fig. 6 The SNR of each channel with no fog which powered by 90 V and the distance between the target and the ILR 
system is 15 m. 
 
However, for the ILR system operating under the fog environment, the interference due to 
the glow inter-channel crosstalk can be significant, see section 2, therefore, must be considered. 
Thus, the SINR, which is used to evaluate the performance of the ILR system under different 
fog conditions, is given as: 
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(18) 
where 
jc
j i
P
≠
∑  is the sum of the interference power (from all the other interfering channel 
signals). 
 
3.2 Analysis and results 
(a) The link performance with fog: Considering the rotational symmetry of the channels of the 
ILR system, we selected the channels 1 (c1) and 6 (c6) to investigate the SINR under different 
fog conditions. The c1 represents the edge element of the APD array, which will be affected 
only by one side channels, whereas, c6 is influenced by almost all the channels depending of 
course on the fog density. 
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Fig. 7 The SINR of channels 1 and 6 for different visibilities and the distance between the target and the ILR system 
of: (a) 15 m, (b) 20 m, (c) 25 m, and (d) 30m. 
 
Fig. 7 depicts the measured and predicted SINR of the received signal for channels 1 and 6 
as a function of the link visibility for the ILR system and for a range of distances between the 
target and the ILR system and the parameters given in Table. 1, which shows a good match 
between the measured and predicted results. AS shown the SINR improved with the visibility 
but drops with the link span (as expected) with the channel 1 displaying improved SINR 
performance compared to the channel 6. E.g., at a visibility of 1000 m the SINR for the channel 
1 are between 2 and 3 dB compared with the Channel 6. This improvement are mainly due to 
(i) the original SINR of the channel 1 with no fog is ~1 dB higher than channel 6; and (ii) the 
crosstalk induced by the inter-channel and increased image size of the received signal. 
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Fig.8 The inter-channel crosstalk (%) against the visibility for a range of the distances between the target and the ILR 
system of (a&e) 15 m, (b&f) 20 m, (c&g) 25 m and (d&h) 30 m, for: (a)-(d) channel 1, and (e)-(h) channel 6. 
 
Fig. 8 illustrates the inter-channel crosstalk as a function of the link visibility for a range of 
the distances between the target and the ILR system of ((a&e) 15 m, (b&f) 20 m, (c&g) 25 m 
and (d&h) 30m for: (a)-(d) channel 1, and (e)-(h) channel 6 showing a good match between the 
experimental and theoretical results. As can be seen in Figs. 8(a)-(d) that, the channel 1 is only 
effected by lights from channels 2 (c2) and 3 (c3) and with no contributions from other 
channels. Note that, the cross talk for both channels have the same profile with c2 displaying a 
much higher level of crosstalk, which increases rapidly with visibility below 100 m reaching a 
peak value at the visibility of 60-70 m and dropping at the visibility of > 70 m. Figs. 8(e)-(h) 
represent the crosstalk c6 due to channels 4, 5, 7 and 8, with c5 and c7 having the most 
contributions. Note that the followings: (i) the slight difference in the level of crosstalk due to 
the c5 and c7 is mainly due to the initial laser transmit power, see Fig. 6; and (ii) the drop in 
the peak value of the crosstalk with the increase in the visibility distance (i.e., higher path loss). 
 (b) The link performance considering the laser spot duty cycle: The angles of horizontal and 
vertical divergences of each laser spot were controlled using a special lens. Figure 9 depicts the 
captured laser spots on the target where the dspot and dduty are shown. Note that, the real output 
laser beam array of the ILR system is shown in Fig. 5. 
 
 
Fig. 9 The captured laser spots on the target. 
 
By adjusting the parameters of the optical lens, the size and the position of the spot on the 
target can be accurately controlled, which will affect the SINR of the ILR system under 
different fog conditions. Here, the laser spot duty factor is defined to express the different size 
and the position of the spot on the target, which is given by: 
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where dspot is the size of the laser spot along the array direction, and dduty is the interspace 
between the two adjacent laser spot. 
 
 
Fig. 10 The SINR change of channel 1 as a function of the laser spot duty factor under different visibilities and the 
distance between the target and the ILR system of: (a) 15 m, (b) 20 m, (c) 25 m, and (d) 30m. 
 
Fig. 10 shows the simulation results of the SINR change of channel 1 as a function of the 
laser spot duty factor under different fog conditions. As shown the SINR reduces by increasing 
the laser spot duty factor under the same visibilities. For high visibilities the SINR drops slowly 
and becoming constant, however for low visibilities the SINR drops rapidly and approaching 
zero for V = 50 m. As can be seen in Fig. 10, the SINR of the ILR system is strongly depend 
on the laser spot duty factor under different fog conditions. As can be seen for low duty factors, 
the laser beam (i.e., power) is more concentrated on a small spot and far away from the adjacent 
laser spot, thus resulting in a higher SINR. However, in this case the spacing between the 
adjacent laser spot is too large, which results in higher loss of target information. This research 
finding can be used to balance the SINR and the laser spot duty factor when designing an ILR 
system. 
 (c) The link performance considering attenuations and the inter-channel glow crosstalk:  
The analysis of glow crosstalk of the ILR channel was based on the APSF for an isotropic 
source. The Txs used are semiconductor LD arrays with no isotropic radiation patterns. 
However, the target used is a standard Lambertian reflector and therefore the laser spot on the 
target can be considered as a first order Lambertian source where any points of the laser spot 
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behaves almost like an isotropic source. In the ILR system, the backscattered light received as 
a reflected pulse due to the fog is also significant as was investigated in our previous work [40]. 
Here, we ignored the backscattering effect and have focused more on the attenuation and the 
glow crosstalk. It is not expected to extend the glow crosstalk model to a highly directional 
source such as the laser spot on a specular reflected target. In such case, the accurate results of 
the glow crosstalk can be acquired by Monte-Carlo ray-tracing method or the numerical 
solution of the RTE for the specific source. 
For the ILR system, the changes in the SINR of a target channel under fog is mainly due to the 
attenuation caused by the absorption and scattering and the inter-channel glow crosstalk, which 
are given by: 
10 1020 log 20log   (dB)
fog clear
attenuation
fog clear
S S
N N
ξ
   
= −       
,                            (20) 
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,                               (21) 
where fogS  and clearS , and fogN  and clearN  are the received signal and noise voltage levels 
with and without fog, respectively. Note, other channels were in-active in order to avoid the 
influence of the inter-channel crosstalk. glowS  and glowN  are the received signal and noise 
voltage levels with fog, respectively and with all channels being active. 
 
 
                         (a)                                            (b)                                             (c) 
Fig. 11 The raw echo waveforms of channel 1 of ILR system of 20 m under middle fog of V = 150 m. 
Fig. 11 shows the raw echo waveforms of channel 1 of ILR system of 20 m under middle 
fog of V = 150 m. Note that, the negative part of the signal was due to the differentiating circuit 
which was used to highlight the edge information of the signal. Fig. 11(a) and (b) show the 
received signal without and with fog and the rest channels being OFF to avoid the influence of 
the inter-channel crosstalk, respectively. We can see that the signal was declined due to the 
attenuation of fog and the noise was increased to some extent. However, Fig. 11(c) shows the 
received signal voltage levels with fog and with all channels operating. The influence of the 
inter-channel crosstalk on the signal was slight, however, the noise voltage levels increased 
rapidly. 
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Fig.12 The channel loss due to attenuation and glow crosstalk under different fog conditions: (a) the selected channel 
1, and (b) the selected channel 6. 
 
Fig. 12 shows the channel losses as a function of the transmission span under different fog 
environment (i.e., light fog, middle fog and heavy fog). Figs. 12(a) and (b) are the selected c1 
and c6, respectively. As can be seen, the channel loss due to the attenuation has a significant 
linear correlation with the ranging distance. However, the inter-channel glow crosstalk induced 
loss decreases with the distances. Note that, for a distance less than several tens of meters, the 
glow crosstalk induced loss is always large than the channel loss with no glow attenuation under 
light to middle fog conditions. However, under the heavy fog condition the glow crosstalk 
induced loss is lower for the ranging distance > 21 m. In addition, the c6 loss due to glow 
crosstalk is large than the c1 under the same fog environment. This is because the numbers of 
the effected surrounding channels of c6 are higher than c1. The results therefore illustrate that 
the glow crosstalk induced channel loss can be significant, which should be considered 
carefully when designing the ILR system and assessing its performance in the presence of fog. 
4. Conclusions  
In this paper, we outlined detailed theoretical analysis of the ILR system in order to determine 
the glow image of the light source, which was formed by the laser spot irradiated on a standard 
Lambertian target. Based on the theoretical model, we determined the interference due to the 
glow crosstalk of the adjacent channels on the typical channel. We also compared the channel 
loss due to the link span and the glow crosstalk under different fog conditions and showed that 
for a transmission distance less than several tens of meters the channel loss due to the glow 
crosstalk was higher than the link loss under light to medium fog conditions. However, with 
the dense fog and over a link span of > 21 m the link loss is higher than the glow crosstalk loss. 
To verify the accuracy of the proposed theoretical model, we developed a dedicated 
experimental setup and used it to assess the effect of fog on the 12-channels based ILR system, 
showing a good match between the measured and predicted SINR values under different fog 
conditions. The results reported can be used to optimize the design of the ILR system and 
analyze its performance under fog conditions. 
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